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TURBULENCE MEASUREMENTS IN SUBMERGED WATER JETS BY ELECTROMAGNETIC INDUCTION
ANEMOMETRY

Walter C. Mih
Department of Civil and Environmental Engineering
Albrook Hydraulic Laboratory
Washington State University
Pullman, Washington

99163

ABSTRACT
This paper describes the measurement and data

constant value by comparing the measured variance

analysis of the turbulence in a two-dimensional

of turbulence in a water jet by the MHD method

water jet discharging from a thin slot into a

with the variance in an air jet using hot-wire

large body of stationary water having the same

anemometry.

width as the slot.

Tap water without additives

was used as the flow medium.

The constant reduction factor should

have no effect on the normalized autocorrelation

The electromagnetic

and spectrum results of the water jet.

induction method (commonly known as magnetohydro
dynamics, or the MHD method) was used to sense the

INTRODUCTION

fluctuation velocities in the diffusion zone of
the jet.

A DC magnet was placed outside the flow

The use of tne electromagnetic induction method

field with the magnetic flux density of 885 Gauss

for measuring turbulence in water flow was first

perpendicular to the plane of homogeneity of the

demonstrated by Kolin (10) in 1944.

two-dimensional flow field.

made detailed turbulence measurements by this

A small probe in the

flow field sensed voltage changes due to the
turbulent velocities.

method in pipe flow in 1957.

The induced voltages picked

12

The same method was

used in this study for measuring turbulence in the

up at the electrodes were fed into a high input
impedance (about 10

Grossman (4)

diffusion zone of a two-dimensional water jet.

ohms) differential amplifier.

The data for variances, autocorrelation, scales

The output from the amplifier was recorded on

and spectrum of turbulence are presented along with

tape which was later read into a hybrid computer

a discussion on the limitations and the merits of

for analyzing the variances, autocorrelation and

this method.

spectrum of the turbulence signal.
Turbulent velocities induce fluctuating

ELECTROMAGNETIC INDUCTION IN A LIQUID IN MOTION

electric potentials everywhere in the flow field
whenever a magnetic flux is present, and hence

The principle upon which the experimental

set up fluctuating currents between any two points

method is based is Faraday's law of electromagnetic

of different potentials.

induction which states that electromotive forces,

These currents have an

equalizing effect on the induced voltage, thus

e.m.f. , are induced in a conductor moving relative

causing the differential fluctuating voltage

to a magnetic field.

sensed by the electrodes in a turbulent flow to be

conductor moving with a translation velocity, V_,

less than the true value.

The voltage reduction

Take a simple case of a metal

in a magnetic field with a field strength vector,

effect was experimentally determined to be a

B.; the gradient of induced e.m.f. in the metal

24

induced currents are due to the existence of a

conductor can be expressed as

velocity gradient in the moving liquid.
(1 )

V_<j) = i x V_

It is

interesting to note that, in the laminar flow,
whereas the voltage drop due to current flow

in which v_ is the gradient operator, in meter ^ ;

opposes the induced e.m.f. (decreases the value of

<j) is the induced electric potential in the con

3<j>/3y) along the vertical diameter, it increases

ductor in volts; £ is the magnetic field strength

the value of 3<(/3y in the vicinity of the wall

vector in Webers per square meter; and V, is the

where the current flow is in the downward direction.

velocity of the conductor in meters per second.

The measured value of the potential gradient con

Equation 1 is Faraday's law and is the basic equa

sists of the induced e.m.f. and the potential drop

tion for the electric generator which converts

or rise due to the induced current flow, so Equa

mechanical energy directly to electrical energy.

tion 1 should be modified to

By measuring the voltage output from an electric
V<j> = B_ x V_

generator, and knowing the magnetic strength of

(2)

the field coil and the geometry of the armature,
one can calculate the motion of the armature
through the use of Equation 1.

where i_ is induced current density in amperes per

This is a simpli

square meters; and a is the electrical conductivity

fied version of the principle of the experimental

of the liquid in ohms"^ meters

method used when the liquid (tap water) replaced
the metal conductor.

A cubic millimeter of water

contains 1 0 ^ molecules.

affected by the conductivity of the fluid.

If the ionization is

assumed to be 100 ppm, then 10

12

current also increases in the same proportion

When the water which carries the ions moves in a

resulting in a constant value of the i_/a term.

magnetic field, an instantaneous electric potential

In the case of turbulent flow in a pipe, the

is developed in accordance with Faraday's law.

value of the mean velocity gradient is comparatively

However, due to the nonuniform velocity of liquid

small in the central region but very large in a

The induced

narrow zone bordering the pipe wall.

electric potential in the liquid can be picked up

at a certain point can be much greater than the

exposed to the 1iquid.

mean velocity gradient.

Consider, for example, the case of pipe flow

flow is extremely complicated.

induced voltage, thus causing the fluctuating
voltage sensed by the electrodes to be less than

extended magnetic field, B_, is in the z-direction.

what Equation 1 predicts.

If the liquid velocity is uniform throughout the

For the experimental

set-up of a steady, uniform magnetic field, B=BI<,

pipe cross section, which is not possible for

and the fluctuating component of turbulent flow of

real fluids, then the equipotential voltage lines

V_‘ = u'i_ + v'j_' + w'k_, the turbulent components of

in the pipe cross section are shown as the solid

the potential gradient <t>' in Equation 2 are given

The dashed equipotential lines

by

are for the case of a laminar flow when the fluid

i'

velocity at the pipe wall is necessarily zero,

-Bv'

and which will cause a set of electric current
lines in the liquid as shown in Figure 3.

These currents in

the turbulent flow have an equalizing effect on the

The mean flow velocity is in

the x-di recti on, and a homogeneous, infinitely

line in Figure 2.

The graphical representa

tion of instantaneous current lines in tne turbulent

The pipe

wall is made of electric insulator and nonferro
magnetic material.

However, the

instantaneous velocity gradient of turbulent flow

by a stationary probe having metal electrodes

with the axis as shown in Figure 1.

However,

when the conductivity of the fluid increases, the

ions are present.

flow, Equation 1 has to be modified.

At first glance,

the measured potential gradient in Equation 2 is

3<t>' _
3y

These
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___ X
a

i'
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a

(3)

M a g n e t i c Fl u x

Figure 1.

Sketch for the Magnetic Field and the
FI ow

y
Figure 2.

Induced Electric Potential in the
Moving Liquid. Solid Lines are Equipotential Lines for the Case of a
Uniform Velocity Throughout the Pipe
Cross Section.
Broken Lines are Equipotential Lines for the Case of a
Laminar Flow.
z ■<—

Figure 3.
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Equipotential Lines and Electric Current
Lines for the Case of a Laminar Flow.

zero lag, and is independent of temperature,
iil = _ \ - L

(3)

pressure and turbidity of the liquid.

The con

ductivity of the liquid has no effect on velocity
where i'x> i ' , i'z> are instantaneous induced

measurement as long as the conductivity is

current densities in the turbulent flow.

greater than a minimum threshold value.

Since in

The mini

turbulent flow, the induced current in any direc

mum threshold conductivity depends on the input

tion is generated by the induced potential gradient
that the induced current is proportional to the

impedance of the amplifier connected to the elec12
For an input impedance of 10
ohms, the
-4
minimum threshold conductivity is about 5 x 10

induced potential gradient.

ohm ^ meter \

in that direction, it is reasonable to expect

trodes.

With this assumption,

For the tap water used, the con-2
-1
-1
ductivity is about 2 x 10
ohm
meter
which

the first two relationships in Equation 3 can be
approximated by

is above the minimum threshold value.
94.1
sx

Bv'
(4)

HISTORICAL NOTES

34>' _ J _
Bu 1
ay " k 1

Faraday himself attempted to measure the
induced e.m.f. in the Thames River while the

and K2 are constants and are called

where

current correction factors,

tides were changing in the eartn's magnetic field.

i 1 /a is approximated

However, these experiments as mentioned in KoTin's

by (K2- 1)94>1/ax and i 1 /a is approximated by
(K-j-1)3<j)1/3y.

paper (10) were unsuccessful.

If the current terms are small and

can be neglected, then

If a

special preamplifier is used, the minimum threshold
-5
-1
-1
conductivity can be as low as 10
ohm
meter .

= 1.0.

Williams (16) con

sidered the flow of liquids through a magnetic

Using

field and evaluated the effect of induced current.

Equation 4 the turbulence variances can be written

Kolin (7,8,9,10,11) did a considerable amount of

as

o!
B2

research and was the first to successfully
M

measure liquid velocities by the MHD method.

2 . K12 « ' 2
B2 A y 2

Kolin's paper (10) of 1944 is an important paper
(5)

v

describing this method.

,2

induced current and suggested a way to avoid the
effect in certain flows.

magnetic flowmeters for measuring flow rates.

The distance Ax or Ay is the gap

These flowmeters have gained wide acceptance in

between the metal electrodes in contact with the
water.

the paper and sewage treatment industry.

For turbulence measurement, the gap must

ments in water flow in a pipe and compared their

The order of magnitude of the smallest eddy in

results with those of Laufer (12) who used a hot

turbulent liquid flow is about one millimeter

wire in air flows.

(0.0394 in.).

Hoopes and Mih (13)

Equation 4 shows that for a constant magnetic
voltage output,

(a

x

Gratz and Villemonte (3) and
made mean and turbulence

measurements in water flows.

or Ay) the

Hartmann and Lazarus

(5) investigated the flow of mercury in a magnetic

is linearly proportional to

water velocity (v 1 or u ').

Grossman,

Li and Einstein (4) made MHD turbulence measure

be no greater than the size of the smallest eddy.

strength and a fixed electrode gap

Apparently due to Kolin's

research, several corporations market commercial

in which the derivatives are approximated by finite
differences.

His 1954 paper (11) pre

sented a theoretical analysis of the effect of

field.

This method is capable

Also, Brouillette and Lykoudis (2) used an

MHD probe for velocity measurements in mercury flows.

of measuring velocities over a wide range, has

27

deflected either upwards or downwards with no

EXPERIMENTAL PROCEDURE

apparent preference.
A definition sketch of the jet diffusion and
a schematic representation of the flow field is pre
sented in Figure 4.

with the 15 1/2-inch long plates in the test

Water from a municipal water supply was used as the

section of the jet.

Mean velocities

4 inches wide and 21 1/2 inches long, having 1/8-

A schematic diagram of the apparatus is

inch diameter holes and an open area of 40% were

Measurements of the mean

mounted on frames and placed in the chamber.

velocity distribution were made for discharge

u q Bo /v

to feed the jet in the direction perpendicular to
the jet axis.

,

is based on the jet velocity, u , the jet thickness,

mean velocity profiles were essentially the same
Longer perforated

sheets were also used; the mean velocity measure

Detailed measurements of the turbu

ments remained the same.

lent structure were made for uQ = 53.2 fps.

Eight inches away from the right end of the

Apparatus

chamber an exit flow distributor was mounted

In the test set-up (Figure 5), water was re
circulated by a centrifugal pump.

(Figure 6 ).

The pump de

livered water from the tank to the head box.
dampen pressure pulsations from the pump.

and conducted the flow from the chamber to the
return piping.

From

ments were the same.

A smooth, rounded nozzle

The direct-current electric magnet for the MHD

on tne end of the channel reduced the flow area

turbulent measurements was placed around the

to 4 inches wide and 0.068 inches thick which
formed the discharge slot for the jet.

diffusion chamber (Figure 5).

The jet

The magnetic field

strength was usually set at 885 Gauss (1 Weber per
2
4
meter = 10 Gauss) and the magnetic flux was

discharged horizontally into a large diffusion
chamber of the same 4-inch width as the nozzle.

directed in the z-directi on which is perpendicular

At the right end of the chamber, an exit flow

to the two-dimensional flow field.

distributor and two exit pipes conveyed the water

Three MHD probes for sensing the induced

Aluminum was used in the appara

voltages of the turbulent velocities were used.

tus except for the front cover of the diffusion

These MHD probes were "homemade".

chamber and the side of the head box; these were

Probe 1 (Figure

7) had two electrodes with a gap between adjacent

made of Plexiglas for visual inspection of the

electrodes of Ay = 0.075 inches.

f1ow.

This probe was

used for preliminary tests and was not used for

The diffusion of a jet requires a large amount

data collection.

of entrainment; in addition, a flow divergence of
180° is not a stable condition.

A uniform distribution of hole

spacings was also used; the mean velocity measure

the head box, the flow entered a 4-inch by 4-inch
cross-sectional channel.

It consisted of a vertical Plexiglas

plate with two columns of 1/ 2-inch-diameter holes

An

air cushion was maintained in the head box to

back to the tank.

Subsequent tests showed that the

as for an infinite reservoir.

= 0.068 inches, and the viscosity of water, v,

at about 80°F.

These

perforated sheets forced the lateral entrainment

velocities, u , of 30.0 and 53.2 fps. These
o
velocities correspond to Reynolds numbers of 1.77 x

B

To correct

this, two aluminum perforated sheets, (Figure 6 ),

turbulent velocities were measured using the MHD

The Reynolds number,

It was also observed that

the boundary of the jet was surging.

were measured with a standard pitot tube and

104 and 3.14 x 104 .

Shorter plates, 9 1/2

measurements with these plates were the same as

of the mean and turbulent velocity structure.

shown in Figure 5.

With these plates the jet stayed in

inches long, were also used; the mean velocity

dimensional water jet facilitated the measurement

method.

(Figure 6 ).

the middle of the chamber.

Experimentally, the two-

flow medium without any additives.

This stability problem was

solved using two parallel plates in the chamber

Probe 2 had three electrodes with

a gap between adjacent electrodes of Ay = 0.040

Thus, when water

inches.

was initially circulated in the apparatus, the jet
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The electrodes were mounted on the probe

Figure 4.

Definition Sketch and Schematic Repre
sentation of Jet Diffusion.

M agnetic

Figure 5.

Schematic Diagram of Experimental
Apparatus.

Dimensions are in inches

y
ni

6
1

J
T P e rfo ra te d Sheets,
X

Plexiglas
P late^

y

Jet
x"

2^

'~s
:
N
Exit Flow D istributor—^
>
n
r
2 lz
1
---------------- 2 3 i ---------------- - — I 5 j ----- - — 8—
Figure 6.
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Schematic Diagram of Diffusion Chamber.

in the plane of flow and arranged so that the gaps,

were obtained by performing a fast Fourier trans

Ay, were in the y-direction.

form on the corresponding autocorrelation functions.

This probe was used

to measure two u '2 signals simultaneously.

Finally, the spectral density function for the net

Probe

3 had five electrodes with gaps of a x = Ay = 0.045

signal, S(f), was determined by subtracting the

inches between adjacent electrodes.

specLral density function for the noise from the

The electrodes

were arranged so that two of the gaps were perpen

spectral density function for the total signal at

dicular (y-direction) and two of the gaps were

each frequency.

parallel to the jet axis (x-direction).
probe measured u'2 and v '2 signals.

This

The electrodes

RESULTS AND DISCUSSION

for all probes had diameters of 0.014 inches and
Mean Velocity and Flow Field

were made of nickel-chrome resistance wire because
of its good corrosion resistance and stiffness.

Detailed analyses on two-dimensional jet flows

The wire was insulated except for the tip, which

are available elsewhere (l ,6 and 13) and will not

was exposed to water forming the electrode.

be repeated here.

The induced signals picked up by the electrodes,

The functional relationship

among the mean centerline velocity, u|T); the jet

were fed into two Foxboro amplifiers through a

discharge velocity, uQ ; and the relative distance,

double shielded cable (Figure 8 ).

x /Bq , can be shown as

The amplifier

had a fixed gain of 1000 and had the features of
common mode rejection and floating input and float
ing output.

These amplifiers had a high input

impedance of about 10^2 ohms.

The "total signal"

was the signal with the magnet on and the "noise"

where c is an experimental constant (Reichardt's

was the signal with the magnet off while all other
flow conditions remained the same.

constant).

The two ampli

The measured data of this study,

Equation 5 and Albertson's (1) data on air jets

fied signals were fed into two separate channels

are shown in Figure 9.

of an FM tape recorder and were continuously

The functional relationship among the axial

monitored on an oscilloscope.

mean velocity, u; the mean centerline velocity,

Analysis of Turbulent Velocity Data

u ; and the relative position, y/x, was shown by

The MHD turbulent signals on the tape were later
read into an analog computer (Figure 8 ).

Reichardt (14) to be a Guassian distribution,

On the

analog computer, the signals were amplified 100

t ‘ exp- (&f

times and passed through a band-pass filter (0.5

(7)

Hz to 1500 Hz) to remove mean flow and high fre
quency effects.

The signals were then digitized,

where c is an experimental constant known as

using the analog to digital converter, with sampl
ing rates of 1/1000 second and 1/2500 second.

Reichardt's constant.

The

5000 samples for each calculation were then stored

shown in Figure 10.

in the digital computer, where the signal variance
was calculated.

Reichardt's constant in Equations 6 and 7 was

The variance of the net signal

experimentally determined to be c = 0.140 from this

was obtained by subtracting the variance of noise
from tnat of the total signal.

study.

The variance of

Albertson's data also.

Autocorrelation functions for the

However, as

Heskestad's(6)test of an air

jet gave c = 0.135 to 0.138.

total signal and noise were then determined by a
product delay calculation on each signal.

Albertson (1) gave c = 0.154.

shown in Figure 10, c = 0.140 seems to agree with

the noise was about 20% of the variance of the
total signal.

The measured data of this

study, Equation 7 and Albertson's (1) data are

From the comparison

of the c values and Figures 9 and 10, it is

Spectral

apparent that the mean flow field in the

density functions for the total signal and noise

30

31
Figure 9.

Axial Distribution of Centerline Mean
Velocity, um . (Data by Albertson and
Mi h ) .
m

experimental apparatus is close to a two-dimen

Table 1

sional free jet in an infinite reservoir.

Axial Distribution of K-j

Dividing Equation 5 by the mean centerline

2

10

20

40

60

80

O
O

X
CO
o

Turbulence Intensities

120

2.4

2.2

2.1

2.0

2.0

2.0

2.0

velocity square, um , and rearranging, yields

K1

Aj> '

1

The variation of K-j and K2 in the lateral

D2 . 2
B Ay

direction across the jet can be determined by
comparing Figures 27 and 28 of Heskestad's paper

(8 )

(6 ) with Figures 12 and 13, respectively.
2

2

The

results are in Table 2.

1 Adi1L _ 1
?
2 ---- ? ~ 2
u B ax
K0 u
m
2 m

Table 2
Lateral distribution of K-j and K2

The variation along the centerline of the normal
ized measured variances of the induced fluctuating

Relative
Location

potential gradients, i.e., (1/K-| ) (u1 /u^ )

K1

K2

0

2.0

1 .5

+ 0.05

2.0

1 .5

+ 0.10

2.1

1.6

fluctuating potential gradients (1/K, ) (u‘ /u. )
2 —
2
ro
and (1/K2 ) (v‘ /um ;, in the diffusion zone are

+ 0.15

2.1

1 .5

shown in Figures 12 and 13, respectively.

+ 0.20

1.6

1.2

versus x/B , are shown in Figure 11, along with
o
2 2
the hot-wire measurement of u' /u
byHeskestad

y/x

(6 ) in an air jet at the same Reynolds number,
u B / v = 3.1 x 104 . The distribution of the
o o
normalizedmeasured variances of the induced

2

2

2

At the

present, data from hot-film turbulence measurements
in a two-dimensional water jet are not available.

Tables 1 and 2 indicate that

Heskestad used hot wires in a two-dimensional air
jet of similar

Acomparison with
2 2
2
2
the hot-wire measurements of u' /u„ and v 1 /u
m
m
byHeskestad in air jets at the same Reynolds

flow geometries.

x/Bo ^ 4 0 .
1.5.

Within this region, K-j = 2.0 and IC, =

It should be pointed out here that the K2-

values in Table 2 were determined from different

number and relative location, x/BQ and y/x, shows

sections in the jet; x/BQ = 102 for Heskestad's

that the shape of the measured distributions are

u'2/Um ^, and x/BQ = 40 for Figure 13.

similar.

From considerations of dynamic similar2
2
it.y, the relative turbulence intensities, u' /u
2
2
m
and v' /u , are the same for water and air jets

Heskestad

used a sharp edge slot of 1/2 inch while the work
herein used a smooth, rounded entrance slot of
0.068 inch.

at the same relative location provided the Reynolds

air jet.

numbers and boundary conditions are the same.

Bradbury (17) used hot wires in an

However, Bradbury's experimental apparatus

was a jet without the backwall (wall along the y-

Assuming that Heskestad's hot-wire measure

axis in Figure 6 ).

ments are correct, the current correction factor,

Bradbury's turbulence results

differ from Heskestad's by as much as 37% at the

K,, along the centerline of the jet can be deter2 2
mined from Heskestad's u 1 /u
measurements and
2
2 9
MHD measurements l / K ^ (u1 /u2m)as shown in Figure
11.

and K2 are

nearly constant in the region |y/x| <_ 0.15 and

centerline of the jet.

The comparison with Bradbury's

data will not be made.
For pipe flows, comparing data by Grossman's

The results are in Table 1.

(see Figures 4 and 5 of Reference 4) turbulence
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F i g u r e 11. A x i a l D i s t r i b u t i on of L o n g i t u d i n a l Turbu
l e n c e V a r i a n c e ; lT ^ / u 2 by Heskestad,
and ( 1 / K ] 2 ) ( u 12 / u 2 ) g y Mi h . ( J e t
Re yn o ld s No. uQBo/ v = 3.1 x I C r )

Figure 10. Transverse Distribution of Longitudinal
Mean Velocity, u.
(Data by Albertson
and Mih).

Figure 12. Transverse Distributions of Longitudinal
Turbulence Variance, (l/K^2 )(u 12/um 2 ).
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0.02

T

0.01
|C\J OJ

I*

Ol

I________ L
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0.1
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y /x

Figure 13. Transverse Distributions of Lateral
Turbulence Variance, (l/l^) (v'2 / u ^ ) .

Figure 14. Autocorrelation Function, R(t ), for u'
at x/B0 = 44 and y = 0.

Figure 15. Longitudinal Macro- and Micro-Length
Scales Along Jet Centerline.
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Scales of Turbulence

measurements for water flow using the MHD method

Taylor (15) defined scales of turbulence

with Laufer's (12) hot-wire measurement in air,
the K-| for pipe flow varies from 2.3 at the wall

based upon the correlation function.

The longi

to 1.5 on the centerline and K2 varies from 1.7 at

tudinal macrotime scale, x , was defined as the

the wall to 1.4 on the centerline.

area under the autocorrelation function of u ',

Autocorrelation Function
The autocorrelation function, R(t ), is defined

To = /o R(t) dT

(12)

as
and the microtime scale, x , was defined by the
A

r (t )

= u' (t)u'_Lt±jj_

curvature of the autocorrelation function at

(9)

sma11 x .
in which x = the time lag in seconds.

The auto
(13)

correlation function for u' was calculated from

X

x-K)

x

the total signal at various positions across the
jet.

From such calculations, R(x) was found to

The microtime scale is an isotropic scale and is

be 1.0 at x = 0 , to decrease rapidly with increas
ing

related to smaller energy dissipation eddies.

x, and to approach zero in an undulating

manner.

If the local mean velocity is much greater

In the central regions of the jet,

than the turbulent velocity in that direction,

Iy/x | < 0.14, the oscillations of R(r) at larger
were of a small amplitude, ]R(x)| <0.05.

u>>u', the length scales of turbulence can be

A

found from the time scales by

typical autocorrelation function is shown in
Figure 14.

The current density terms do not affect

L = uxQ

(14)

X = ux.

(15)

R (x ), because the constant, K-j, which relates u'
to Scji'/ay, cancels from Equation 9.

A

As shown in Figure 14, the correlation appears
where L is the longitudinal macrolength scale and

to have two regions of distinctly different char
acter as predicted by Taylor (15).

X is the microlength scale.

For small x,

corresponding to high frequencies or small eddies

region of the jet, |y/x| <0.08.

(frequency refers to the rotation rate of the

The variations of

these length scales on the jet centerline,

turbulent eddies), R(x) can be closely approximated

l_m = um xQ and Xm = umx^, with axial distance

by

are shown in Figure 15.
R(x) = exp

in which x^is the microtime scale.

x /Bq

The equation for the

linear variation of Lm and x in Figure 15 is

(10)

Lm = 0.01 + 0.07x

When x is

large, which corresponds to low frequencies or

The linear variation of L

large turbulent eddies, R(x) can be approximated

(16)

with x, is in direct

support of the linear rate of spread of a jet.

by

The slope of this line, dLm/dx = 0.07, is exactly
r (t )

= exp (- ± - )
\ xQ /

half of Reichardt's constant, c = 0.14.

(11)

in Figure 15, x

increases with

variation is not linear.
in which x

Both of these length

scales were found to be constant in the core

= the macrotime scale.

x /Bq ,

but the

Heskestad's (Figure 33

of Reference 6 ) measurements of X

for an air jet

are in agreement with the results herein.
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Also shown
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number and relative location in the jet.

The autocorrelation function,

R(t ) ,

and the

tion factors, K-| and

spectral density function, S(f), were Fourier
transforms of each other.

Correc

for the magnitudes of the

axial and transverse turbulence intensity distri

Thus

butions to account for the current density terms
were determined experimentally for this flow field.

S ( f ) = u , 2 . f R( t ) exP ( _ i2irf t ) dT

(17)

The autocorrelation function of the longi
tudinal turbulent velocity was found to have two

R( t ) =

1
u '2

/ ” S ( f ) exp(i 2i rfT) df

regions of differing exponential character

(18)

corresponding to microscales and macroscales of
turbulence.

in which f = frequency, in Hertz, and i = /-I.
For

t

while the microlength scale increases more slowly

= 0, Equation 18 reduces to
u '2 =

S(f) df

in a nonlinear manner.

have a unique shape with a significant inertial
subrange which agrees with Kolmogoroff's -5/3 law.

frequency for six locations across the jet at
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rent density terms should not affect the spectrum
results.

The

normalized spectral density function appears to

spectral density function versus a dimensionless

sections.

The measured microlength

scale agrees with Heskestad's results.

(19)

In Figure 16 is shown the normalized, net

x /Bq = 44.

The macrolength scale increases

linearly with distance from the discharge slot,

Spectral density functions are not

available in Heskestad's paper for comparison.
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magnet field strength

Bq

thickness of discharge slot = 0.068 in.

b = cx

jet width

c

constant (Reichardt's constant)

f

frequency

i_

electrical current density

i‘

turbulent current density

K-j,^

constants

L

longitudinal macrolength

L

longitudinal macrolength
centerline

R(t )

autocorrelation function

scales
scale on jet

S(f)

spectral density function for net signal

u

time average velocities in x-directi on

uffl

time average jet centerline velocity

uQ

velocity of jet

u',v'

turbulent velocities in x- , y-direction,
respectively

V.

velocity vector

x,y,z

coordinates: x along jet centerline, y
is vertical and perpendicular to centerline, and z is perpendicular to x-, yplane

Ax,ay

spacings in x-directi on and y-direction
between electrodes, respectively

A</>'

induced turbulent potential difference
between electrodes, respectively

microlength scale

A

microlength scale on jet centerline

v

kinematic viscosity of fluid

a

12.

SYMBOLS
B

X
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electrical conductivity of fluid

t

time delay

tq

macrotime scale of turbulence

T,

microtime scale of turbulence

<j)

induced electric potential

V. W. Goldschmidt, Purdue University:

DISCUSSION

Maybe we could

put the argument to rest by simply asking, could you
H. Branover, University of the Negev:

You are right

summarize the advantages of your scheme over hot-wire

when you say that it is necessary to take into account

anemometry or some other measuring technique and the

this term i/a.

disadvantages, too.

It is well known from the earlier

works of Collin and others how difficult it is to

Mih:

separate the influence of the electric current from

method is still in its infancy; there are quite a few

the measurements.

problems to resolve, like current terms, and at this

In the farther part of your lec

ture, however, you didn't mention this at all.

I

I have been anticipating this question.

This

point for the turbulent flow there is no commercial

would like to know how you avoided influence of this

probe available, so you can see it is not very re

kind on the results in regards both to the mean flow

fined.

velocity and the fluctuations.

it is rugged.

Mih:

have to build the probe yourself and then you have to

I can only make turbulence measurements by this

method.

I agree it is very difficult to pre-estimate

the current term in this method.

You have to cali

The primary advantage of this method is that

calibrate it.

The disadvantage of this method is you
The major difference is that the noise

level at this time is actually much higher than in the

brate against the main turbulence signal, and the

hot-film method.

calibration for this particular set-up as indicated

noise level is in the hot-film method.

by the data appears to be a constant value.

I used is not a very strong magnet.

I agree

I don't know exactly how high the
The magnet

The noise level

with you, this constant is not universal but is

depends on how strong a magnet you use.

dependent on the particular flow situation,

Gauss magnet the noise level reached as high as 20%.

Branover:

I think this is very high, and I am sure the hot-film

You cannot take care of it in any way

because this term depends directly on the local veloc
ity.

So you never can find out any constant or make

a real calibration.

Every time it is different.

A

lot of papers have gone into this problem, and as far
as I know it is only a small range of very special
flow, where the influence of the current is negli
gible.

For instance, if you have two-dimensional

flow in a plane that is perpendicular to the mag
netic field then here you have almost no current

is smaller than that.

Noise level in turbulence

measurement is always a problem because you are deal
ing with such small signals.
I would like to add one more point.

For the

mean flow measurement there is a probe commercially
available.

Dr. Schiebe just bought one and he says

he is very excited about it.

There are no moving

parts; it can cover a wide range of velocity; and at
small velocity, there is no problem.

The voltage can be

measured at very low increment; there is no problem

and then you have the possibility to make the exact

there.

measurements with this method.
Mih:

For an 800

His probe is 3/4-inch diameter with a magnet

inside.

In this particular study the magnetic flux is

I saw some place, I am not sure where, a

probe size of only 1/4-inch.

I don't have stock inthis

perpendicular to the general flow, but I am not saying

type of company but I highly recommend, if you want

I have all the solutions; it is a difficult problem.

to make mean flow measurements, that you investigate

W. W. Fowl is, Florida State University:

this type of probe, because they are much superior

I think the

confusion is arising over your use of "magnetohydro-

to propeller types or other types which are

dynamic." "Magnetohydrodynamic flows" are when you

generally available.

have an electrically conducting fluid in the presence

A. Brandt, Johns Hopkins University:

of a magnetic field and the Lorenz force, the J x B

profile showed a dip in the center of the jet, could

term in the Navier-Stokes equations, begins to matter.

you comment on whether that is in agreement with any

I think what you are saying is correct in principle;

other studies that you are familiar with?

the J x B term does exist, but it is exceedingly
small.

To study magnetohydrodynamics

Mih:

you need a very

Turbulence intensity in

three components only has a dip in the jet direction.

good electrical conductor, and you need a strong
magnetic field.

Yes, that is right.

Your intensity

The V'- and the U '-velocities don't have a dip.

So I think you are right in principle,

There are textbooks, for example Townsend's textbook,

but quantitatively that isn't interferring with Mih's

with this information, as well as the studies of

measurements.

Heskestadt and others.
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A. Sesonske, Purdue University:

Were you concerned

about the probe interference with the flow?
Mih:

This probe is facing the flow; the probe was

inserted in a box; the flow was from left to right;
so the interference was very small.
S. J. Kline, Stanford University:

How constant was

the constant between your curve and Heskestadt's
curve, because that is the way you calibrated it;
that is the way I understood you.

You said the

relation between them was constant.

What was the

variation of that constant when you actually worked
it out?
Mih:

It's not a solid constant.

It is a band.

That figure I gave you of 2.1 is the average of the
band.

It varies from 1.7 to 2.3.

It varies from

the middle to the outskirts of the jet.
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